Abstract: The impact of widespread and common environmental factors, such as chemical contaminants, on infectious disease risk in amphibians is particularly important because both chemical contaminants and infectious disease have been implicated in worldwide amphibian declines. Here we report on the lone and combined effects of exposure to parasitic cercariae (larval stage) of the digenetic trematode, Acanthostomum burminis, and four commonly used pesticides (insecticides: chlorpyrifos, dimethoate; herbicides: glyphosate, propanil) at ecologically relevant concentrations on the survival, growth, and development of the common hourglass tree frog, Polypedates cruciger Blyth 1852. There was no evidence of any pesticide-induced mortality on cercariae because all the cercariae successfully penetrated each tadpole host regardless of pesticide treatment.
INTRODUCTION
We are in the midst of a sixth global mass extinction event (Wake and Vredenburg 2008) . There are many causes for contemporary losses of biodiversity and many researchers have hypothesized that multiple stressors are additively or synergistically increasing the risk of mortality, extirpations, and extinctions (Blaustein and Kiesecker 2002; Rohr et al. 2004; Cahill et al. 2013) . Concurrent with widespread biodiversity losses is an unprecedented increase in infectious diseases (Jones et al. 2008 ), many of which are associated with widespread host extirpations (Stuart et al. 2004; Fisher et al. 2012) . Consequently, it has become urgent to understand how anthropogenic factors affect diseases associated with mass mortality events in taxa of conservation concern. Theory on the impacts of stressors on disease risk suggests that negative or positive associations between disease and stress can occur, emphasizing the need to amass empirical research to evaluate which of these theoretical outcomes are most likely (Lafferty and Holt 2003) .
For several reasons, there has been considerable interest in the effects of chemical contaminants on disease risk in amphibians (Rohr et al. 2009a, b; Schotthoefer et al. 2011; McMahon et al. 2013; . Amphibians are considered the most threatened of all vertebrate taxa and many of their declines have been associated with infectious diseases (Blaustein and Kiesecker 2002; Stuart et al. 2004 ). Additionally, amphibians are exposed to contaminants that run-off into freshwater ecosystems, have permeable skin that allows chemicals to readily enter their bodies , and many chemical contaminants are immunosuppressive and associated with elevated disease endpoints (Voccia et al. 1999; Martin et al. 2010) . In particular, trematode infections of amphibians have attracted substantial attention because they are associated with mass mortality events (Johnson et al. 1999; , are believed to be more common now than historically (Johnson et al. 2003; Rohr et al. 2009a) , and can cause grotesque limb and body malformations . Additionally, the intensity and severity of these infections have been shown to be quite sensitive to several common agricultural contaminants (Kiesecker 2002; Linzey et al. 2003; Johnson et al. 2007; Rohr et al. 2008a, b; Kelly et al. 2010) .
Chemical contaminants have modified both amphibian exposure and susceptibility to trematodes. For instance, fertilizer pollution was shown to increase trematode infections in frogs by increasing the number of trematodeinfected snails (Johnson et al.2007; Rohr et al. 2008b ). The insecticides malathion and esfenvalerate were associated with elevated trematode infections and limb deformities by reducing frog defenses against cercariae (Kiesecker 2002; Budischak et al. 2008 ) and the herbicide atrazine increased trematode infections and frog mortality by augmenting both exposure and susceptibility to trematodes (Rohr et al. 2008a, b; Koprivnikar 2010) .
Contaminants and parasites can be directly lethal to amphibian hosts, but there are also several sublethal mechanisms by which they can affect host fitness and thus contribute to population declines. For instance, chemical contaminants and trematodes can affect amphibian life history traits, reducing size at metamorphosis and lengthening the time needed to metamorphose (Rohr et al. 2004 (Rohr et al. , 2008a Raffel et al. 2010) . Smaller size at metamorphosis is important because smaller metamorphs often have lower terrestrial survival and fecundity (Smith 1987; Semlitsch et al. 1988; Berven 1990; Rohr and Palmer 2013) . Additionally, retarded development can increase the amount of time tadpoles are at trematode-susceptible stages , and a longer larval period can increase exposure to both contaminants and aquatic parasites, thus compounding risk Rohr et al. 2011 ). Finally, both contaminants and trematodes can cause malformations and fluctuating asymmetries (Bridges et al. 2004; Jayawardena et al. 2010b Jayawardena et al. , 2011 Rohr et al.2011; Johnson et al. 2012 ) that can reduce long-term fitness (Goodman and Johnson 2011) .
For years, only the trematode Ribeiroia ondatrae was known to induce limb, axial, and skin deformities in amphibians, but in 2008, another species of trematode, Acanthostomum burminis Bhalerao, 1926, was shown to induce mainly axial and some limb malformations in amphibians (Rajakaruna et al. 2008; Jayawardena et al. 2010a Jayawardena et al. , 2013 . Acanthostomum burminis infections also increase mortality and time to metamorphosis and decrease size at metamorphosis (Rajakaruna et al. 2008; Jayawardena et al. 2010a; Jayawardena et al. 2013) . Similar to the effects of A. burminis on amphibians, four commonly used agricultural pesticides, two organophosphorous insecticides (chlorpyrifos and dimethoate) and two herbicides (glyphosate and propanil), increased malformations, mortality, and time to metamorphosis in the common hourglass tree frog (Polypedates cruciger) and the Asian common toad (Duttaphrynus melanostictus Schneider, 1799) (Jayawardena et al. 2010b; Jayawardena et al. 2011) . Given that A. burminis infections and these pesticides have such similar effects on P. cruciger, we hypothesized that their combination would increase (either additively or synergistically) malformations, time to metamorphosis, and mortality risk and decrease size at metamorphosis relative to either stressor alone. This result would suggest that exposure to this parasite and pesticides could increase the probability of negative population growth for P. cruciger and perhaps populations of other amphibian species.
MATERIALS AND METHODS

Life Cycle of A. burminis
Before understanding the effects chemical contaminants can have on A. burminis infections, it is important to understand the complex life cycle of this trematode. Adults of A. burminis reproduce sexually in vertebrate definitive hosts (Rajakaruna et al. 2008; Jayawardena et al. 2010a Jayawardena et al. , 2013 . Females of A. burminis typically release eggs in the excrement of these hosts and miracidiae, a free-living larval stage, hatch when the eggs encounter water. Miracidiae search for the first intermediate host in the life cycle, which is a snail. The trematode reproduces asexually in the snail and a second free-living larval stage, called a cercaria, is subsequently released. Cercariae search for their next host, which is an amphibian. Upon encountering an amphibian, the cercariae use proteolytic enzymes to encyst subcutaneously, where they can cause deformities in the developing amphibian (Rajakaruna et al. 2008; Jayawardena et al. 2010a Jayawardena et al. , 2013 . These encysted cercariae are called metacercariae. If an infected amphibian is consumed by a suitable vertebrate definitive host, the life cycle is completed (Koprivnikar et al. 2012 ).
Study Animals
Four newly spawned egg masses of P. cruciger were collected from ponds in the Peradeniya University Park (7°15 0 15 00 N 80°35 0 48 00 E/7.25417°N 80.59667°E) and were brought to the research facility in the Department of Zoology, University of Peradeniya, Sri Lanka. The egg masses were placed in a glass aquarium containing dechlorinated tap water. Hatched tadpoles were fed ground fish flakes twice a day (*10% body mass). The debris and feces that collected at the bottom of the aquaria were siphoned out and water level was replenished daily. Separate egg masses were used for each of the four temporal blocks described below. Tadpoles that were five days post-hatching (Gosner stage 25/26) were used in the exposures.
Collection of Cercariae from Snails
Pleurolophocercous cercariae of A. burminis released from the freshwater snail species Thiara scabra (Family: Thiaridae) were used in the infection process. Thiara scabra were collected from the university stream and were kept in plastic vials containing 10-15 mL of dechlorinated tap water, under sunlight to induce cercarial shedding. The snails that were shedding cercariae were kept individually in separate vials to obtain a continuous supply of cercariae for the exposures. One infected snail was used for all the tadpole exposures in a temporal block and a separate infected snail was used for each of the four temporal blocks (see below).
Test Chemicals
We exposed the tadpoles and cercariae to commercial formulations of four widely used agrochemicals; two organophosphorus insecticides (chlorpyrifos and dimethoate) and two herbicides (glyphosate and propanil). Table 1 provides the concentration of the active ingredient (a.i.) tested and any known surfactants in the commercial formulation. The test concentrations of each pesticide were selected based on field concentrations reported in the available literature (Aponso et al. 2003; Wijesinghe et al. 2011) and information from the Pesticide Registrar Office in Peradeniya, Sri Lanka. Hence, each concentration is ecologically relevant (likely to be found in water bodies) based on use in Sri Lanka. Hereafter, each pesticide is referred to based on its a.i.
Experimental Design and Exposure of Tadpoles to Cercariae and Pesticides
We employed a 5 9 2 fully factorial randomized block design with one replicate of each treatment combination occurring in each of the four temporal blocks. The five agrochemical levels were water control, chlorpyrifos, dimethoate, glyphosate, or propanil and the two parasite levels were the presence or absence of exposure to 48 cercariae. Two hundred tadpoles from a single clutch (Gosner 25-26, Gosner, 1960) were placed individually in plastic vials each containing 20 mL of the test solution (dechlorinated tap water or pesticide). Half of these were randomly selected to receive cercariae. Within 2 h of being shed from snails, 12 cercariae were transferred to each of the 100 vials containing a tadpole using a dissecting microscope and pipette. This procedure was repeated for four consecutive days so that each tadpole in the cercariae exposure treatment received 48 cercariae in total. We have found that this dose of cercariae induces effects without considerable mortality (Rajakaruna et al. 2008) and is within the range of infection levels found in this frog in the field. Each tadpole was kept in a small volume of test solution to ensure that all cercariae penetrated the tadpole. Cercarial penetration was observed under a dissecting microscope to ensure that no free swimming cercariae remained. After exposure to the cercariae, these 100 tadpoles were randomly assigned to one of five glass aquaria (15 9 15 9 25 cm) containing 2 L of one of the five test solutions (water control, chlorpyrifos, dimethoate, glyphosate, or propanil). Likewise, the 100 tadpoles not exposed to cercariae were assigned to five different glass aquaria as described above. Given the logistical challenges of individually exposing 400 tadpoles to cercariae in one day, we employed four temporal blocks. Hence, we repeated the procedures described above for three additional times with separate clutches and a separate source snail for cercarial acquisition. Each temporal block was separated by about 20-40 days depending on the availability of egg clutches. This required 800 tadpoles and 40 aquaria in total. The tadpoles were raised in the glass aquaria until metamorphosis. Daytime temperature varied between 27 and 31°C and the tanks were kept under a natural photoperiod of approximately 12:12 h.
In summary, there were 10 aquaria each containing 20 tadpoles and one replicate of each pesticide treatment by cercarial treatment combination in each of four temporal blocks. Clutch and source snail were intentionally the same within each temporal block so there were internal controls within each block. In other words, this design ensured that any variation in infectivity of cercariae among snails or resistance to cercariae among clutches was accounted for by the temporal block and not included in the error term of our statistical models. Hence, our block accounted for several unknown components of variation (time, source snail, and host clutch) for which we do not seek to explain.
Collection of Data
Tadpole mortality, forelimb emergence (stage 42, Gosner 1960), and metamorphosis were assessed daily. When dead tadpoles were noticed, they were removed and preserved in 70% alcohol. Snout-vent length (SVL) to nearest 0.01 cm and body mass to nearest 0.001 g were recorded at metamorphosis. All the tadpoles hatched from their eggs within 2 days, and thus we quantified malformations at approximately 10 days (Gosner stage 27), 30 days post-hatching (Gosner stage 31), and at metamorphosis. We chose 10 days because it allowed enough time for malformations to develop but minimized the impact of treatment-induced developmental difference and mortality, allowing us to compare animals all at a similar age. Malformations were identified and categorized according to Meteyer (2000) and severely malformed frogs (those with ulcers, edemas, and deformed limbs) were euthanized with MS-222 and preserved. All procedures described herein were approved by the Animal Ethical Review Committee at the Postgraduate Institute of Science, University of Peradeniya.
Data Analyses
Data were analyzed using R statistical software. We analyzed survival two ways. To test whether temporal block and the main and interactive effects of pesticide and cercarial treatments affected time of death, we conducted a mixed effects Cox proportional hazards survival analysis (coxme package, coxme function) treating aquarium as a random effect to ensure proper degrees of freedom (because the 20 tadpoles per aquarium are not independent of one another). To test whether these same predictors affected the proportion of frogs that survived in each tank, we used the glm function and a binomial error distribution with frequency of survivors and non-survivors as the response variables (i.e., aquarium was the replicate). This latter analysis was also used to assess how the treatments affected malformation frequency 10 days post-hatching. We used a mixed effects general linear model with aquarium as the random effect to evaluate how temporal block, pesticide treatments, cercarial treatment, and the pesticideby-cercarial interaction affected days to metamorphosis (log transformed). As an alternative estimate of the effect of these treatments on developmental rate, we ran a general linear model with the day that 50% of the animals in a tank had forelimb emergence (stage 42, Gosner 1960) (TE 50 ) as the response variable. Even with ad libitum food, high conspecific densities can reduce amphibian growth rates (Rohr et al. 2004 ); hence, if we do not control for the amount of time tadpoles spent in the aquariums, then the effects of treatment on size could be confounded and thus would be partly redundant with the effects of treatment on mortality. In other words, if we conduct analyses on size at metamorphosis without time tadpoles spent in the aquaria as a covariate, we have no way of knowing if the results are because of the pesticides causing direct mortality that affected growth through competitive effects or if the pesticides had sublethal effects on the growth of survivors independent of changes to competition. So, in an effort to make the effect of treatments on host size (log SVL and log mass) independent of competition and conspecific density, we conducted the exact same analysis as described for days to metamorphosis but included mean log days tadpoles were in each tank as a covariate. Importantly, this covariate captures changes in conspecific densities that occur if an animal dies or metamorphoses.
For all analyses, when there was a significant interaction between the cercarial and pesticide treatments, we tested for an interaction between the cercarial treatment and the presence and absence of each of the four individual pesticides to determine the cause of the interaction. No alpha adjustments were conducted for multiple post hoc tests. This is encouraged by several statisticians because there is no consensus on how to make these adjustments and by not making adjustments, readers can more easily apply an adjustment that they deem appropriate (Gotelli and Ellison 2004) .
RESULTS
During tadpole exposure to cercariae, there was no noticeable difference in cercarial activity in vials with than without pesticides. However, this was not quantified. All the cercariae that were introduced readily penetrated the tadpoles and none remained in the vials at the end of the exposure. Hence, attempted infections appear to be the same across pesticide treatments.
Survival
Both the effect of pesticide treatment (Main effect: v 4 2 = 62.29, P < 0.001) and cercariae (Main effect:
v 1 2 = 64.57, P < 0.001) were significant for time of death because, in general, pesticides and cercariae decreased time to death and increased frog mortality (Fig. 1) . In the absence of cercariae, frogs exposed to chlorpyrifos, dimethoate, glyphosate, and propanil had 33, 21, 20, and 5 times the mortality as frogs exposed to the water control (Fig. 2a) . In the absence of pesticides, frogs exposed to cercariae had 9 times the mortality as frogs not exposed to cercariae (Fig. 2a) . There also was an interaction between pesticide and cercarial treatments for time of death (v 4 2 = 13.44, P = 0.009, Fig. 1 ) and proportion of tadpoles that survived to metamorphosis (v 4 2 = 39.61, P < 0.001, Fig. 2a ). Subsequent analyses on each pesticide alone revealed that these interactions were caused by two factors. First, dimethoate, glyphosate, and propanil reduced cercarial-induced mortality relative to the absence of pesticides (Pesticide 9 cercariae: v 1 2 = 6.04, P = 0.014; v 1 2 = 8.48, P = 0.004; v 1 2 = 4.25, P = 0.039, respectively; Fig. 2a) . Second, in the presence of chlorpyrifos, tadpoles had better survival with than without cercariae, whereas in the absence of pesticides, tadpoles had better survival without than with cercariae (Pesticide 9 cercariae: v 1 2 = 32.56, P < 0.001; Fig. 2a ).
Malformations
Ten days after metamorphosis, tadpoles had significantly more malformations with than without pesticides (Main effect: v 4 2 = 113.76, P < 0.001) and with than without cercariae (Main effect: v 1 2 = 91.75, P < 0.001; Fig. 2b ).
None of the individuals in the absence of both cercariae and pesticides had malformations (Fig. 2b) . However, in the absence of cercariae, chlorpyrifos, glyphosate, dimethoate, and propanil induced malformations in 70%, 62%, 37%, and 17% of the tadpoles, respectively (Fig. 2b) . In the absence of pesticides, cercariae induced malformations in 75% of the tadpoles (Fig. 2b) . Importantly, the effect of cercariae on malformation incidence depended on the pesticide treatment (Pesticide x cercariae: v 4 2 = 57.51, P < 0.001). Despite pesticides causing malformations, glyphosate and chlopyrifos increased the incidence of cercarial-induced malformations relative to the absence of pesticide (v 1 2 > 31.19, P < 0.001; Fig. 2b ). Tadpoles exhibited several types of malformations, including scoliosis (tail curvature), kyphosis (hunched back), edema, and skin ulcers, but scoliosis was the most common malformation observed (42%, Fig. 3 ).
Days to Metamorphosis
Days to metamorphosis and days until 50% of the frogs had forelimb emergence were significantly increased by both exposure to pesticides (Main effect: v 4 2 = 189.12, P < 0.001; F 4,27 = 36.56, P < 0.001, respectively) and cercariae (Main effect: v 1 2 = 201.62, P < 0.001; F 1,27 = 36.56, P < 0.001, respectively, Fig. 4a, b) . In the absence of cercariae, tadpoles exposed to chlorpyrifos, glyphosate, dimethoate, and propanil took 2.70, 1.84, 1.55, Figure 2 . Mean proportion (± SE, n = 4 tanks) of Polypedates cruciger frogs that survived until metamorphosis (a) and that had malformations approximately 10 days post-hatching (b) when exposed to five pesticide treatments (control water, the insecticides chlorpyrifos and dimethoate, and the herbicides glyphosate and propanil) crossed by the presence or absence of exposure to cercariae of the trematode Acanthostomum burminis. and 1.34 times as long to metamorphose, respectively, relative to control tadpoles (Fig. 4a) . In the absence of pesticides, tadpoles exposed to cercariae took 2.41 times as long to metamorphose relative to those not exposed to cercariae (Fig. 4a) . Additionally, the effect of cercariae on days to metamorphosis and days until 50% of the frogs had forelimb emergence depended on the pesticide treatment (Pesticide x cercariae: v 4 2 = 43.70, P < 0.001; F 1,27 = 6.88, P < 0.001, respectively). This was because cercariae increased development time more in the absence than the presence of any of the pesticides (Fig. 4a, b) .
Size
For all size analyses, we controlled for mean log days tadpoles were in each tank to isolate the direct effect of the treatments on growth from the indirect effect on these responses mediated by changes to conspecific densities. Mass and SVL of frogs at metamorphosis were significantly reduced by exposure to pesticides (Main effect: v 4 2 = 69.06, P < 0.001; v 4 2 = 75.94, P < 0.001, respectively), whereas mass but not SVL were reduced by cercariae (Main effect: v 1 2 = 12.25, P < 0.001; v 1 2 = 2.18, P = 0.140, respectively, Fig. 5a, b) . This was despite both pesticides and cercarial treatments extending time to metamorphosis (Fig. 3) . In the absence of cercariae, metamorphic frogs exposed to chlorpyrifos, dimethoate, glyphosate, and propanil were 67%, 63%, 70%, and 83% as long and 39%, 53%, 58%, and 82% as heavy as control metamorphs (Fig. 5a, b) . In the absence of pesticides, metamorphs previously exposed to cercariae were 65% as long and 58% as heavy as those not exposed to cercariae (Fig. 5a, b) . Additionally, there was a significant interaction between cercariae and pesticide treatment on size at metamorphosis (Mass: v 4 2 = 96.41, P < 0.001; SVL: v 4 2 = 43.75, P < 0.001). This was because cercariae generally only reduced mass and SVL in the absence of pesticides (Fig. 5a, b) .
DISCUSSION
Here, we showed that A. burminis cercariae and four pesticides had significant effects on the survival, development, and growth of the hourglass tree frog. Moreover, the combination of cercariae and pesticides generally posed greater risk to frogs than either factor alone by either decreasing survival or growth or increasing time to metamorphosis or malformations. This result occurred despite earlier findings that cercariae are often sensitive to chemical contaminants (Morley et al. 2003; Pietrock and Marcogliese 2003; Blanar et al. 2009 ), which did not appear to be the case here because all the cercariae entered the tadpole in both the control and pesticide treatments, indicating that there was no pesticide-induced mortality of the cercariae before they could infect. This is consistent with previous research showing that four pesticides at ecologically relevant concentrations had minimal effects on the survival or infectivity of Echinostoma trivolvis cercariae that infect frogs Figure 3 . Different malformations observed in Polypedates cruciger frogs exposed to pesticides or cercariae of the trematode Acanthostomum burminis. Scoliosis (spinal curvature) (a), kyphosis (hunch back) (b), skin ulcer (c), edema at the left side of the body and lack of skin pigmentation (d). Proportion of each malformation type across all treatments (e). (Rohr et al. 2008a ) and several laboratory studies that suggest that the net effect of pesticides is to enhance amphibian risk from trematode infections (Kiesecker 2002; Budischak et al. 2008 Budischak et al. , 2009 Rohr et al. 2008a ). Moreover, our findings are consistent with empirical work examining the effects of agrochemicals on trematode transmission and abundance in frogs under more natural settings. In experiments conducted in outdoor mesocosms or the field, herbicides, insecticides, and fertilizers all increased trematode infections in frogs (Kiesecker 2002; Johnson et al. 2007; Budischak et al. 2008 Budischak et al. , 2009 Rohr et al. 2008b ). Although mathematical models on the effects of anthropogenic stress on disease risk have found negative, positive, convex, and concave associations between disease and stress (Lafferty and Holt 2003) , the weight of the evidence from the field and laboratory suggest that agrochemicals often increase the threat that trematodes pose to amphibians. These same mathematical models suggest that the impact of non-specific diseases or generalist pathogens should increase with stress (Lafferty and Holt 2003) , which might be why generalist trematode metacercariae (i.e., capable of infecting any available amphibian species and, in some cases, even non-amphibian hosts) often increase with agrochemical exposure. Given that cercarial exposure was kept constant in this study (all cercariae entered each tadpole), the likely explanation for the observed enhanced risk when pesticides and cercariae were combined is that the pesticides increased susceptibility to infection, consistent with previous research demonstrating that pesticides can reduce resistance to parasites (Kiesecker 2002; Budischak et al. 2008 Budischak et al. , 2009 Rohr et al. 2008a, b; Rohr and McCoy 2010) . A pesticide-induced increase in susceptibility to parasites can occur through several mechanisms. Pesticide exposure often induces detoxification mechanisms which could result in a trade off in energy allocation with immune defenses (Martin et al. 2010) . Alternatively, many pesticides can be directly toxic to immune cells and thus can reduce efficacy of immunity at protecting hosts from infection (Voccia et al. 1999; Martin et al. 2010 ). Actual metacercarial data (i.e., the proportion of cercariae that entered the host that successfully encsysted and thus were not killed by host immunity) would have been useful to assess the magnitude of each chemical's effect on susceptibility to cercariae but the Animal Ethics Review Committee at the Postgraduate Institute of Science, University of Peradeniya required us to release the frogs back into the wild precluding the acquisition of these data. Although we do not have these data, this study still provides clear evidence that several of these pesticides enhanced susceptibility to cercariae.
The one exception to the general finding that the combination of pesticides and cercariae generally posed equal to or greater risk to frogs than either factor in isolation was the combination of chlorpyrifos and cercariae on frog survival. This combination surprisingly enhanced survival relative to chlorpyrifos alone (Figs. 1 and 2a) . Chlorpyrifos can induce an inflammatory response in vertebrates associated with a Th1 immune response (i.e., proinflammatory responses responsible for killing intracellular parasites) (Monnet-Tschudi et al. 2007) , whereas many helminths trigger a Th2 immune response that is fundamentally anti-inflammatory (Sears et al. 2011) . Hence, by shifting energy allocation to Th2 responses, trematodes could potentially redirect or reduce immuneassociated inflammation induced by chlorpyrifos increasing tolerance to both pesticides and cercariae (Sears et al. 2011) . However, this is strictly a hypothesis that remains to Figure 4 . Mean (±SE, n = 4 tanks) days until Polypedates cruciger frogs metamorphosed (a) and mean experimental day when 50% of these frogs had forelimb emergence (TE 50 ) (b) when exposed to five pesticide treatments (control water, the insecticides chlorpyrifos and dimethoate, and the herbicides glyphosate and propanil) crossed by the presence or absence of exposure to cercariae of the trematode Acanthostomum burminis.
be tested. Although chlorpyrifos was an exception to the rule for survival, amphibians exposed to cercariae plus chlorpyrifos metamorphosed later (Fig. 4) and were shorter (Fig. 5 ) than those exposed to either factor alone, consistent with the general pattern of pesticides and cercariae being more adverse than either factor alone.
Cercariae and pesticides increased time to forelimb emergence and metamorphosis. However, the magnitude of the effect of pesticides on development was greater in the absence than presence of cercariae (i.e., a statistical interaction), suggesting that there might be an upper bound on time to metamorphosis that prevented the two factors from having additive effects (Fig. 4) . Propanil had the smallest effect, increasing time to metamorphosis by 15 days whereas chlorpyrifos had the largest effect, increasing time to metamorphosis by 75 days (Fig. 4) . The effect of chlorpyrifos was comparable to cercarial exposure, which increased time to metamorphosis by 62.5 days (Fig. 4) . Exposure to contaminants often causes reduced growth and development presumably because energy is reallocated to detoxification (Rohr and McCoy 2010) . Even a 15-day increase in time to metamorphosis should substantially increase mortality risk from pond drying (Rohr et al. 2004) and would increase exposure to aquatic abiotic and biotic stressors, such as chemical contaminants and cercariae (Rohr et al. 2004 Rohr et al. 2011) . Moreover, in nature, retarded development increases the amount of time tadpoles spend at cercarial-susceptible early-life stages . Hence, under more natural conditions, pesticide-induced delays in metamorphosis could increase the adverse effects of trematodes and increase mortality risk from pond drying.
Even though, exposure to pesticides and cercariae increased time to metamorphosis, they did not increase size at metamorphosis. In fact, in the absence of cercariae, amphibians exposed to any of the four pesticides were significantly smaller at metamorphosis than those not exposed to pesticides (Fig. 5) . The insecticides seemed to have more adverse effects on size at metamorphosis than herbicides; in fact, in the absence of cercariae, frogs exposed to chlorpyrifos or dimethoate were less than 2/3 the length of control frogs at metamorphosis (Fig. 5b) . However, these effects of pesticides were largely neutralized in the presence of cercariae (Fig. 5) . This might be a product of there being a well-documented minimum size for metamorphosis (Wilbur and Collins 1973) that likely resulted in Figure 5 . Mean (±SE, n = 4 tanks) mass (a) and snout-vent length (SVL) (b) of Polypedates cruciger frogs at metamorphosis when exposed to five pesticide treatments (control water, the insecticides chlorpyrifos and dimethoate, and the herbicides glyphosate and propanil) crossed by the presence or absence of exposure to cercariae of the trematode Acanthostomum burminis.
the convergence of the stressor combination on this lower bound. Importantly, small size at metamorphosis can have significant effects on amphibian fitness because smaller metamorphs often have lower terrestrial survival and fecundity (Smith 1987; Semlitsch et al.1988; Berven 1990; Rohr and Palmer 2013) .
In addition to decreasing development and growth, both the pesticides and cercariae increased malformations. None of the frogs exhibited malformations in the absence of cercariae or pesticides, but in the presence of cercariae, approximately 80% of the frogs were malformed across all the pesticide treatments except propanil, and in the absence of cercariae, pesticides induced malformation frequencies ranging from 17% to 62% (Fig. 2) . Axial deformities, such as scoliosis and kyphosis, accounted for more than half the observed deformities, which is consistent with the types of deformities previously reported for this frog species exposed separately to A. burminis cercariae (Rajakaruna et al. 2008; Jayawardena et al. 2010a Jayawardena et al. , 2013 ) and these pesticides (Jayawardena et al. 2010b (Jayawardena et al. , 2011 . The active or inactive ingredients of several pesticides, such as the insecticides carbaryl, chlorpyrifos, malathion, and endosulfan, the fungicide chlorothalonil, and the surfactant octylphenol, have also induced malformations or organ damage in amphibians (Bridges 2000; Rohr et al. 2003; Budischak et al. 2008; McMahon et al. 2011; Wijesinghe et al. 2011) . Frogs that exhibited malformations induced by the trematode R. ondatrae exhibited significantly shorter jumping distances, slower swimming speeds, reduced endurance, and lower foraging success relative to infected frogs without malformations. This reduced performance of malformed frogs resulted in a 22% higher biweekly predation rate than normal frogs and very little recruitment to the adult subpopulation (Goodman and Johnson 2011) . The cercarial-and pesticide-induced axial malformations observed here likely have similar effects on frog performance, foraging, and predator avoidance, suggesting that we might be underestimating the effects of cercarial and pesticide exposure on hourglass tree frog survival in the wild and that these effects could have population-level impacts by reducing recruitment to the adult subpopulation. However, this would need to be demonstrated.
It is disconcerting that chlorpyrifos alone reduced survival from 98% to 18% and the combination of cercariae and dimethoate and cercariae and glyphosate reduced survival from 78% (cercariae only) to 33% and 78% to 43%, respectively (Fig. 1, 2a) . These levels of mortality are comparable to other studies on amphibians and these pesticides (Relyea 2005a, b; Wacksman et al. 2006; Jayawardena et al. 2010b Jayawardena et al. , 2011 . Moreover, such substantial drops in survival are unlikely to be overcome by negative density dependence (Vonesh and De la Cruz 2002; Rohr et al. 2006) . If this mortality is representative of what occurs in the wild, then A. burminis and at least three of these pesticides have the potential to contribute to amphibian population declines. Given that many amphibians are likely exposed to A. burminis and these chemicals, cross-species studies would be valuable to better understand which amphibian species are at greatest risk (e.g., Sears et al. 2015) .
Finally, our findings suggest that some agrochemicals might serve as surrogates for others to improve amphibian populations (Halstead et al. 2014) . For instance, in this study, propanil was the only pesticide that did not significantly increase mortality relative to controls (Figs. 1 and 2a) and it had the least adverse effects on development and growth (Figs. 2b, 4 , and 5). Thus, propanil might be a viable alternative to glyphosate or other herbicides that increase amphibian mortality or infection risk. Additionally, providing buffer strips of vegetation around wetlands and around sites of agrochemical applications could help to reduce levels of pesticides that enter aquatic ecosystems. Reducing factors that enhance snail abundance, such as nutrients, enhancing factors that reduce snail and cercarial abundance, such as snail and cercarial predators, and increasing amphibian habitat might also be effective at reducing risk (Halstead et al. 2014; Civitello et al. 2015; Halstead et al. 2015; Rohr et al. 2015) . Importantly, this work highlights the importance of quantifying the combined effects of common environmental stressors on taxa of conservation concern to enhance management strategies.
